Abstract. Microsporidia have been known for some time to possess among the smallest genomes of any eukaryote. There is now a completely sequenced microsporidian genome, as well as several other large-scale sequencing efforts, so the nature of these genomes is becoming apparent. This paper reviews some of the characteristics of microsporidian genomes in general, and some of the recent discoveries made through comparative genomic analyses. In general, microsporidian genomes are both reduced and compacted. Reduction takes place through gene loss, which is understandable in obligate intracellular parasites that rely on their host for many metabolites. Compaction is a more complex process, and is as yet not fully understood. It is clear from genomes surveyed thus far that the remaining genes are tightly packed and that there is little non-coding sequence, resulting in some extraordinary arrangements, including overlapping genes. Compaction also seems to affect certain aspects of genome evolution, like the frequency of rearrangements. The force behind this compaction is not known, and is especially interesting in light of the fact that surveys of genomes that are significantly different in size yield similar complements of protein-coding genes. There are some interesting exceptions, including catalase, photolyase and some mitochondrial proteins, but the rarity of these raises an interesting question as to what accounts for the significant differences seen in the genome sizes among microsporidia.
INTRODUCTION -THE UNUSUALLY SMALL

GENOMES OF MICROSPORIDIA
In many ways, eukaryotic and prokaryotic genomes are fundamentally different: at the gross level, eukaryotic genomes are generally organized into multiple linear chromosomes, whereas prokaryotes most often have a single circular chromosome that is divided and segregated by different means. There are several exceptions within prokaryotes (both multiple and linear chromosomes exist in some species), but these are derived conditions. There are also important differences at the level of genome structure and function. In particular, virtually all eukaryotic genes are each expressed on a unique mRNA while prokaryotic genes are often organized as operons which are co-expressed as polycistronic mRNAs. Eukaryotic genomes are also widely perceived to be larger and less gene-dense than their prokaryotic counterparts: whereas prokaryotic genomes are generally tightly packed with genes, genes in the human genome can be separated by intergenic regions larger than some entire prokaryotic genomes! Moreover, eukaryotic genes are themselves often exceedingly large, as they may contain many very large introns which are posttranscriptionally spliced to yield mature mRNA, so even a single human gene can be larger than the smallest prokaryotic genome. These generalisations are true for most eukaryotes, but eukaryotic genome diversity is so poorly understood it can be misleading to extend them beyond the cases that are well studied.
The range of sizes for known eukaryotic genomes is immense, as shown by the examples in Table 1 , but what accounts for these differences is not always so obvious. Some organisms clearly contain more genes than others, but the lack of connection between an organism's perceived "complexity" and its genome size (called the C-value paradox) has been puzzled over for some time. For example, as interesting as the dinoflagellates are, Gonyaulax is not 30 times more complex than humans despite the fact that its nucleus apparently contains that much more DNA. These differences in genome complexity are likely to arise for many different reasons under different circumstances.
On the other end of the spectrum from dinoflagellates are the microsporidia. Since their first investigation, microsporidian genomes were recognized to be special because they are so small (Biderre et al. 1994 (Biderre et al. , 1995 (Biderre et al. , 1999 . There is no saying how big a "typical" eukaryotic genome should be, but it is nonetheless clear that those of many microsporidia are unusually diminutive. Indeed, the microsporidia contain some of the smallest eukaryotic genomes known, some smaller than those of many prokaryotes. Similarly-sized genomes are only found in some picoplankton (Courties et al. 1998) and smaller ones in nucleomorphs, the nuclei of ultrareduced endosymbiotic red and green algae found in Table 1 , most of which are estimates based on pulsedfield gel electrophoresis karyotyping. There is some variability in genome sizes within certain species (e.g., Encephalitozoon cuniculi and E. hellem) (Biderre et al. 1999 , Delarbre et al. 2001 , but these values likely represent reasonable estimates. The largest microsporidian genomes are just under 20 million base pairs (Mbp) (Biderre et al. 1994) , which is not particularly unusual. The smaller, however, are between 2 and 3 Mbp, the smallest being about half the size of the Escherichia coli genome. These smaller genomes have been the focus of most of the attention in microsporidian genomics, and the nature of these genomes and the implications of the range of sizes will be discussed in turn.
GENOMIC RESOURCES FROM MICROSPORIDIA
Microsporidian genomes have attracted interest due to a combination of factors, including their importance as vertebrate and invertebrate pathogens, their controversial evolutionary history, as well as their small size. Consequently, the genomic resources for microsporidia have steadily increased in the last few years, and will continue to do so. Presently there is a complete genome sequence for Encephalitozoon cuniculi (genoscope.cns. fr/externe/English/Projets/Projet_AD/AD.html) (Katin-ka et al. 2001 ), a partial genome sequence for Antonospora locustae (formerly Nosema locustae) (jbpc. mbl.edu/Nosema/index.html), genome sequence surveys (GSS) from Spraguea lophii (jbpc.mbl.edu/Spraguea-HTML/) (Hinkle et al. 1997) , Vittaforma corneae (Mittleider et al. 2002) , and Antonospora locustae (botany.ubc.ca/keeling/AntonosporaGSS.html) (Slamovits et al. 2004a) , and an expressed sequence tag (EST) survey for A. locustae (amobidia.bcm.umontreal.ca/pepdb/ pep.php) (unpublished data).
WHAT MAKES A GENOME SMALL?
Microsporidian genomes are small, but what does that mean? There are two basic ways to make a genome small: (1) by reduction, or loss of genes, and (2) In terms of gene loss, the E. cuniculi genome tells a fairly straightforward story (Katinka et al. 2001 ). It contains relatively few protein-coding genes (1,997 identified), suggestive of massive gene loss due to host dependence. Indeed, this is supported by the non-random nature of the genes that have been lost. Missing are genes for proteins involved in pathways for the biosynthesis of small compounds like nucleotides, fatty acids, and most amino acids. Conversely, complete or nearcomplete sets of genes for a variety of other processes, structures or pathways like DNA replication, ribosomes, spliceosomes, glycolysis and others are found. These features are not really surprising; as they are intracellular parasites, we expect microsporidia to be highly reliant on their hosts for energy and many metabolites, so the absence or reduction of genes for proteins involved in these processes is expected (Katinka et al. 2001) . Genes for proteins involved in basic housekeeping tasks like expression and replication naturally cannot be lost and we therefore expect to find similar complements of these in various microsporidian genomes. Some of the potentially interesting areas for differential gene loss and retention will be in processes like metabolism, regulation of expression, stress responses, infection and host interactions. These last two areas are particularly interesting, and will likely account for some proportion of the "unidentifiable" genes in a given microsporidian genome. These genes are difficult to study, but determining their function will likely be very important.
In terms of compaction, the E. cuniculi genome and the sequence survey of A. locustae tell similar stories, but this is somewhat more difficult to explain. E. cuniculi chromosomes are made up of gene-rich cores flanked on both ends by rRNA operons, non-coding subtelomeric regions and telomers (Katinka et al. 2001 ). The gene-rich cores are composed of protein-coding genes in very high density (about 0.97 genes/Kbp). Genes are separated by short intergenic regions (average of 129 bp), have few introns, and the genes themselves are on average 15% shorter than homologues in yeast. The A. locustae regions that have been sequenced are quite similar, the gene density is about 0.94 genes/Kbp and the average intergenic region is about 200 bp, with gene lengths similar to E. cuniculi homologues (Slamovits et al. 2004a) . Why are microsporidian genomes compacted? This question is not so easy to answer compared to considering why the gene complement has been reduced. It is possible that genome compaction gives a competitive advantage to parasites infecting the same host (although this seems like it would provide only a minor advantage), or it is possible that there are biases in favour of deletions in replication and/or recombination systems that simply ratchet the genome size down for no particular reason. Whether one of these or some other reason provides an explanation, it is clear that the force that led to this condition is relatively strong, since the gene density of these two microsporidian genomes is considerably higher than any other well-sampled eukaryote. For instance, the yeast genome, which is considered to be relatively compact, has a gene density of about half that of E. cuniculi or A. locustae.
GENOME STRUCTURE CONSERVATION
Another characteristic found to be similar between the E. cuniculi and A. locustae genomes is the relative order of genes in the genome, or synteny. The order of genes in a eukaryotic genome can be maintained by a variety of forces, but these tend to be weak forces so that genes drift apart relatively quickly, mostly by small inversions, but also by large inversions, transpositions, and the breakup of chromosomes. Through time, the gene order is randomized.
The first data on comparative gene order came from closely related members of the genus Encephalitozoon, where the relative orientations of polar tube protein genes was found to be conserved . Some degree of conservation is expected among such close relatives, but as one looks at more distantly related species the processes described above should lead to complete randomisation of the genomes. Indeed, when the genomes of E. cuniculi and A. locustae were compared much of the genome was organized differently, but a significant fraction of the known genes were retained in the same orientation, or close by. Comparing the relative positions of 94 gene pairs, 13% were found to be shared by both genomes, while 30% of gene pairs were found within 10 genes of one another (Slamovits et al. 2004a) . Without knowing the length of time between the present and the common ancestor of two organisms, it is impossible to know how much synteny to expect to have been retained, so there is no concrete answer to the question of whether this is more synteny than we should expect in other genomes. However, there are indirect reasons, based on comparisons with other organisms, to suspect these genomes are evolving relatively slowly. We know that A. locustae and E. cuniculi represent a relatively deep divergence within the microsporidia (Slamovits et al. 2004b ), so any conservation between them goes back to near the diversification of extant microsporidian species. If we examine the degree of synteny shared between different species of ascomycete fungi, we find that there is no conservation whatsoever between Saccharomyces and Schizosaccharomyces (which represent the entire range of diversity of ascomycetes) and there is about 9% pairwise conservation between Saccharomyces cerevisiae and Candida albicans (two relatively closely related members of the Saccharomycetales) (Keogh et al. 1998 , Seoighe et al. 2000 . The conservation of genome order between A. locustae and E. cuniculi is about the same as that between S. cerevisiae and C. albicans (it is about 1.5 times higher, but to be conservative, we will treat them as about equal). Either the genome diverged at about the same time, or they are evolving at different rates.
Saccharomyces and Candida are estimated to have diverged about 200 million years ago (Berbee and Taylor 2001) , which is about the time that marsupials diverged from placental mammals. For the evolutionary rates of microsporidian genomes to be about the same as these fungal genomes, microsporidia would have to have evolved at about the same time. For this to be true, the emerging parasites would have to have evolved a mechanism to infect some animal species, and then quickly spread through the entire Kingdom. This would be a remarkable colonisation of a hostile habitat, and does not likely account for the conservation of microsporidian genomes (Slamovits et al. 2004a) .
A more likely explanation is that the genomes of A. locustae and E. cuniculi did not diverge at the same time as those of S. cerevisiae and C. albicans, but that they are evolving at different rates. When the nature of microsporidian genomes is considered, it is not difficult to see why this could happen. It has been shown that genome order is affected by gene density in fungal systems, but this was shown to be a relatively minor force in preserving the overall structure in these genomes (Hurst et al. 2002) . However, the much higher degree of compaction in microsporidian genomes could elevate the importance of this force by making it increasingly difficult to make the breakpoints needed to shuffle genes without serious deleterious effects. Indeed, the correlation between intergenic distances and conservation of gene order that is expected if compaction is reducing genome flexibility (Hurst et al. 2002 ) is found in both E. cuniculi and A. locustae genomes (Slamovits et al. 2004a) . It is likely that other forces are also operating to preserve the gene order of these genomes, but for now we can only suggest that their extreme nature may be showing us a normally insignificant force of genome evolution in its most exaggerated state.
LIMITED VARIATION IN GENE CONTENT
The E. cuniculi genome is among the smallest of microsporidia, and the Encephalitozoon group in general has particularly small genomes. In contrast, the A. locustae genome is estimated to be 5.4 Mbp, or about 1.86 times that of E. cuniculi. Since the gene densities appear to be about the same, we would expect to find near one out of every two genes in A. locustae to be absent from E. cuniculi, but this does not seem to be the case. Of the 138 genes presently reported in A. locustae, 130 are also found in E. cuniculi. Five are not detectably related to any other gene, and three are found in other organisms but not E. cuniculi. These differences raise some questions of general interest, and some of the genes also raise specific questions.
First, how can the A. locustae genome be 1.85 times larger than that of E. cuniculi if the gene density is about the same and the gene complement is similar? Assuming the current sampling is about random, and also assuming there are not large numbers of genes in E. cuniculi that A. locustae lacks (these are impossible to identify without the entire A. locustae genome, but there must be several such genes and they would make this discrepancy more pronounced), then there are several possible explanations. One trivial explanation is that the estimated size of the A. locustae genome is wrong and that it is closer to 3 Mbp. Alternatively, there may be large gene-poor regions of the genome that have not been sampled. The region around catalase (Fast et al. 2003) could represent one such area since this 13,000 bp region only contains three genes (for a density of only 0.23 genes/Kbp -over four times lower than the average found in gene-rich areas). Lastly, it is also possible that most of the genome shares a high gene-density, but that more than one copy of some genes exist. These each have interesting implications. If the genome has islands of vastly different density then why are some regions under such strong compacting selection while others are not? If, alternatively, most of the genome has the same gene density, then why are many extra copies of some genes retained when the genome is apparently under selection to reduce its size. Overall it raises the question of whether compaction is not entirely connected to reduction in size.
A few of the genes that A. locustae does contain are worth noting, as they are an indication of some of the things we might hope to find with more extensive comparative genomics in microsporidia. First, the microsporidian mitochondrion has been a source of interest for both evolutionary and cell biology reasons because (1) it was hypothesized not to exist (Cavalier-Smith 1983) , and (2) it is now recognized a highly reduced, cryptic organelle that has lost many of the primary functions of typical mitochondria . The complement of mitochondrial proteins in E. cuniculi has been carefully examined and the functions of the organelle hypothesized based on this list of genes (Katinka et al. 2001) . A. locustae has been shown to have most of these genes, but also has at least two others that are lacking in E. cuniculi (Williams and Keeling 2005) . One of these is a transporter homologous to a yeast mitochondrial transporter, and most similar to one that specifically transports pyruvate. This is an interesting possibility since pyruvate dehydrogenase is present in both E. cuniculi and A. locustae Keeling 2001, Katinka et al. 2001) , but its function is not known. The second gene is homologous to mitochondrial inner membrane protease. This protein is part of a small complex which cleaves the signal peptide from proteins that use the endosymbiont secretion system to target mitochondrial proteins to the inner membrane or intermembrane space. Neither this protein, other components of the complex, or any known target of the complex are known from E. cuniculi. Its presence in A. locustae suggests that other mitochondrial proteins are likely encoded in the A. locustae genome, and other unrecognized mitochondrial metabolic functions will be found. This underscores the value of comparative genomics in expanding our model of what a "typical" microsporidian looks like: in many ways E. cuniculi may be unusual (it does have one of the smallest genomes known), so more data will be helpful in generating a well-informed model for predicting what to expect in other microsporidia.
Two other genes of interest that are not found in E. cuniculi are related to coping with environmental stress. These are catalase and photolyase. Catalase converts hydrogen peroxide to water and hydrogen gas, and is a marker enzyme for peroxisomes, although it is also found in many prokaryotes in eukaryotes outside of the organelle. A. locustae has been shown to encode a catalase of the non-peroxisomal, group II variety that is functional and expressed in spores (Fast et al. 2003 ). The gene is likely not ancestral to microsporidia, since it is not of fungal ancestry, but is instead derived from a proteobacterium by lateral gene transfer. Photolyase is also involved in protection from the environment, in this case DNA repair. This enzyme absorbs a photon of visible light and uses the energy to repair UV-generated lesions, in the case of the A. locustae photolyase, cyclobutane pyrimidine dimers (Slamovits and Keeling 2004) . Once again, the gene is expressed in spores and functional (it was shown to complement an E. coli mutant) and this class of enzyme (class II) has not been found in fungi to date. The phylogeny of photolyase is not as robust as that of catalase, but the A. locustae enzyme appears to be most related to animal homologues, so its history in microsporidia will also be interesting to determine. Together these genes reinforce the importance of comparative genomics in building a model for the "typical" microsporidia.
FUTURE PROSPECTS
Given the prevalence and importance of microsporidia as parasites of humans and commercially, environmentally, and medically important animals, together with their very small genome sizes, it is inevitable that additional genome projects will soon be underway. Each genome project of a parasite has the potential to generate spectacular new insights into the parasite's function at the molecular level and to transform the way we investigate its molecular biology. At the same time, however, each new microsporidian investigated at the genomic level will also add to a body of data on the forces that shape these unusual genomes and this will provide information on genome dynamics with importance beyond the microsporidia. It remains to be seen how far the conservation of genome order observed between E. cuniculi and A. locustae will extend to other groups, although the limited data from Spraguea (Hinkle et al. 1997 ) suggests it will be extended. This is not only of interest to genome evolution, but also provides a predictive power that may be experimentally useful since it gives one more way to search for a gene of interest in the genome. It also remains to be seen whether there are certain genes or regions of the genome that are especially prone to conservation and why this may be, or if it is simply a general process that speeds up and slows down around the genome at random. It will also be of considerable interest to examine the differential retention and loss of genes between species: the A. locustae genome survey represents only about 10% of its genome but has revealed a number of interesting differences with E. cuniculi. The rest of this genome and data from many others will provide a better-informed model of "typical" microsporidian metabolism and molecular biology.
